Summary. The study presents the results of an investigation into centrifugal mills with an energy-saving working body. Rational geometric parameters of the working body of the centrifugal mill, which grinds the solid residue from the pyrolysis of used tyres, have been justified on the criterion of the lowest specific energy consumption during the grinding process. A method to determine the dependence of the in-grinding power consumption on the basic parameters of the working body has been developed, while an analytical expression to determine the power consumption for grinding the solid residue from the pyrolysis of used tyres has been obtained. It has been found that the power consumption in the grinding process linearly depends on the rotational speed of the working body, which is to the 0.3 power on the average size of solid particles.
INTRODUCTION
Centrifugal mills have been widely used in many industries for grinding various abrasives [1] . The main structural element in most centrifugal mills is a working body containing beater elements in the form of blades and baffles. The grinding process in these mills is performed through a high speed transferred to the material, which results in significant power consumption.
The aim of the article is to study the main parameters of a centrifugal mill for fine grinding of the solid residue from the pyrolysis of waste tyres with the lowest specific power consumption.
PRESENTING MAIN MATERIAL
After a careful study of various designs of centrifugal mills and preliminary laboratory tests, a new design of the centrifugal mill has been developed and presented ( Fig. 1 [2] ), which allows for grinding granular materials, such as the solid residue from used tyre pyrolysis, with the lowest specific power consumption. Centrifugal mill: 1 -grinding chamber; 2 -hollow shaft; 3 -working body; 4 -ring for classification; 5 -impeller; 6 -outlet; 7 -bearing assembly; 8 -hopper; 9 -belt drive; 10 -motor; 11 -support column.
The design feature of the proposed mill is the shape of the working body and the method of discharging the finished grade, which can significantly reduce the specific energy consumption during the grinding process, thereby facilitating the classification of the ground material directly in the mill.
Preliminary studies were carried out on the mill, in which the grinding chamber was shaped as a regular cylinder with a diameter of 0.3 m. In the course of the studies, the rational design and technological parameters of the mill were determined in terms of minimum specific energy consumption during the grinding process [3] . It has been found that: a grinding chamber's effective filling level is 25-30% of its volume; an active length of the working body is shifted to its periphery by as much as 15-25% of its volume, depending on the rotational speed; the gap between the beaters is between 3 and 5 mm; and the specific energy consumption for grinding the class of less than 43 µ with a two-beater working body is 57 kWh / t, while it is 21 kWh / t for a four-beater working body.
The study of the granulometric composition of the ground material (Fig. 2) shows that an increase in the number of beaters from two to four results in increased efficiency, while specific energy consumption is decreased by 180% at the same time. However, a further increase in the number of beaters increases the specific energy consumption with no change in output. This can be explained by the fact that the two-beater working body does not cover the entire area of intense grinding, while the increased number of beaters reaches beyond this area. Strength calculations have confirmed the advisability of the closed-type working body design (Fig. 3 ). This type of working body design allows for grinding due to impact and friction. In this case, larger particles, whose size > 100 µ, are mostly destructed by their impact interaction with the working body in the peripheral area, while particles, whose size < 100 µ, are mainly destructed due to friction forces, which arise from the material interaction with the grinding chamber walls and the working body. In an idling mode, i.e., in the absence of material feed, the working body of this design consumes the power determined by formula in [3] :
where ρm is the density of the medium that interacts with the working body (kg / m 3 ), ξ is the drag coefficient, A0 is a parameter that takes into account the geometry of the working body, (k ωw) is the relative angular velocity of the working body, ωw is the angular velocity of the working body, and k is the slip coefficient, which characterizes the speed of the working body's interaction with the medium. In turn,
where ωair is the angular velocity of the air.
The unknown terms in Equation (1) are ξ, k. To determine the terms, two separate cases were considered: when the mill was operated with either the grinding chamber removed or the grinding chamber mounted, no material charged. The power consumptions N1 and N2 can, respectively, be determined based on the following equations: , ) (
where N1, N2, k1, k2 are the power consumptions and coefficients of slipping with the removed and mounted grinding chamber, respectively.
The working body power consumption N1, N, at different rotational speeds, and the air angular velocity ωair were experimentally determined with the grinding chamber removed with the use of a cup anemometer.
To determine the N1, N2 power consumptions of the working body, the total power consumption was first measured using the following formula: NΣm = Nlost + Ni, where Nlost is the power lost in the mill's electromechanical transmission with the working body removed, and i is the experiment number 1 or 2. Then, the power consumed by the working body was be determined by the formula: Ni = NΣm -Nlost. Fig. 4 and Fig. 5 show the dependence of the angular velocity of the air and working body power consumption on the rotational speed. Fig. 6 shows the experimental dependence of the working body power consumption on the rotational speed when the grinding chamber is loaded with solid residue of tyre pyrolysis with average particle size dav = 43 µ. By knowing the angular velocity ωair 0 of the air during the rotation of the working body with the grinding camera removed, along with the power consumption, we can determine the relative angular velocity k1 • ωw = ωw-ωair 0 and drag coefficient ξ. Assuming that the drag coefficient is the same whether the camera is removed or mounted, we calculate the relative angular velocity of the rotor with the chamber mounted as follows: k2 • ωr = ωr -ωac (ωac is the angular velocity of the air during the working body rotation in the grinding chamber).
The experimental data show that the air velocity is directly proportional to the working body rotational speed (Fig. 4) , while the slip coefficients are k1 = 0.92, k2 = 0.83, and the drag coefficient is ξ = 12.6. The experimental results also confirm the adequacy of Equation (1), namely, that the power consumed by the test working body, which operates in an empty chamber, depends on the rotational speed taken to the third power (Fig. 5 ). Fig. 6 shows an experimental dependence of wattage consumed by the working body, which operates with the grinding chamber loaded. The material taken was the solid residue from the pyrolysis of used tyres, with an average particle diameter of dav = 43µm. Meanwhile, the degree of filling in the grinding camera was Vm / Vc = 0.27 (Vm, Vc represent the volumes of the material and the chamber, respectively) and the material bulk density was 445 kg / m 3 . Fig. 6 . Dependence of power consumption on the rotational speed of the working body during the grinding process.
In contrast to an empty chamber, where air is the medium, the power consumption in the loaded grinding chamber is linearly dependent on the rotational speed of the working body. This can be explained by the fact that, during the grinding process, the material influenced by centrifugal forces is unevenly distributed throughout the inside of the grinding chamber and concentrated along its walls. This reduces an active area of the working body, which results in further changes in the distribution of the forces of resistance. Based on the analysis of Equation (1) and the experimental data (Fig. 6 ), a conclusion can be made that the dependence of A0 (the parameter characterizing the size of an active part of the working body) on the rotational speed takes the following form:
where ν = 1.72 is the coefficient, which takes into account the decrease in an active part of the working body.
To determine the power consumption, we substitute the values of ν and assume that coefficients ξ are equal for either an empty or a loaded grinding chamber, while an average diameter of solid particles dav = 43 µm. In turn, Expression (1) takes the following form: Fig. 7 shows the experimental dependence of the power consumption on the average material particle diameter at an angular velocity of 389 s -1 . Increased power consumption in relation to the increase in the average particle diameter may be explained by an increase in the relative angular velocity of the interaction between the working body and the medium. When working with the material feed, slip coefficient k2 undergoes changes due to the reduction in the rotational speed of the medium; the drag coefficient ξ is also subject to a change, since the parameters of the medium have changed. It is therefore necessary to consider the product of the two coefficients as a function of the average material particle diameter dav.
Experimental dependence of power consumption on the average diameter of particles in the grinding chamber (Fig. 7) can be approximated with a dispersion of R = 0.97, according to the following function:
By equating the power consumptions defined by Formulas (5) and (7), we obtain: 
3. CONCLUSIONS
1. The proposed design parameters of the working body and the mill as a whole will provide the minimum specific power consumption during the material grinding. 2. The formula obtained by the authors can be used to determine the power consumed by the centrifugal mill's working body for grinding the solid residue from the pyrolysis of used tyres. 3. It has been found that, during the grinding process, the power consumption linearly depends on the rotational speed of the working body and is proportional to an average size of solid particles, which are taken to the 0.3 power. 4. The method developed by the authors allows for obtaining a dependence of power consumption by the centrifugal mill's working body on its basic parameters, as well as the parameters of the material to be ground.
